To evaluate the association between prelaminar tissue thickness (PLT) and peripapillary choroidal thickness (PCT) in untreated normal-tension glaucoma (NTG) patients.
Introduction
The optic nerve head (ONH) can be divided into 3 parts from the anterior to posterior aspect: the prelaminar region, lamina cribrosa (LC), and the retrolaminar region. [1] The prelaminar region is also called as the anterior portion of the LC, and this region is comprised of bundles of retinal ganglion cell (RGC) axons, astrocytes, capillaries, and extracellular material. LC is characterized by fenestrated sheets of scleral connective tissue and elastic fibers. The retrolaminar region shows decrease in astrocytes and the acquisition of myelin that is supplied by oligodendrocytes. Although the principle site of RGC axonal loss in glaucoma begins at the level of the LC, [2] studies have indicated that there is also involvement of the prelaminar region in glaucomatous eyes. [3] [4] [5] Not only the mechanical stress but also the ischemic condition of the ONH has been determined to influence the thickness of the prelaminar area.
The ONH is mainly supplied by the posterior ciliary artery (PCA) circulation. [6] The prelaminar region and LC are supplied by centripetal branches from the short PCA, either directly or from the circle of Haller and Zinn, which is also formed by the short PCAs. The branches from this circle penetrate the optic nerve to supply the anterior ONH and the peripapillary choroid. Since the ONH and the peripapillary choroid share the same blood supply, reduced blood supply from the short PCA may reduce the perfusion not only to the peripapillary choroid but also to the ONH, leading the ONH vulnerable to glaucomatous damage.
The advancements in optical coherence tomography (OCT) imaging technology has allowed for the accurate visualization and measurement of the thicknesses of the ONH deep structures, and of the choroid. Several studies using OCT have reported thin peripapillary choroidal thickness (PCT) and prelaminar tissue thickness (PLT) in normal-tension glaucoma (NTG) patients. [3, 4, 7, 8] As a reduced blood supply from the short PCA may influence both of the peripapillary choroid and anterior ONH, we speculated that the incidence of a thin PCT, measured by OCT, may be interrelated with a thin PLT. In this study, we investigated the association between PLT and PCT in untreated NTG patients using swept-source OCT (SS-OCT).
Methods
We retrospectively reviewed the medical records of all consecutive patients between March 2015 to June 2016, who were aged 20 years or older, and had visited the Korea University Anam Hospital glaucoma clinic for the 1st time. We reviewed the patient medical records for their medical histories and ophthalmic examination findings, including the best corrected visual acuity (BCVA), refraction, axial length, gonioscopy, central corneal thickness, Goldmann applanation tonometry, dilated stereoscopic examination of the optic disc, color disc, and redfree fundus photography (model FF 450 Plus; Carl Zeiss Meditec AG, Jena, Germany), SS-OCT (DRI OCT; Topcon, Tokyo, Japan), and standard automated perimetry (Carl Zeiss Meditec, Dublin, CA). This study was approved by the Institutional Review Board and ethics committee of Anam Hospital, and was performed according to the tenets of the Declaration of Helsinki.
The subjects were included in this study if they met the following criteria: a glaucomatous optic neuropathy with rim thinning, notching, and a retinal nerve fiber layer (RNFL) defect; baseline intraocular pressure (IOP) of <22 mm Hg; at least 2 reliable glaucomatous visual field (VF) test results with falsepositive and false-negative error rate <15%, and a fixation loss <20%; presence of a normal anterior chamber and an open angle; BCVA of >20/40; and an axial length <28 mm. Subjects were excluded if they fulfilled the following criteria: history of IOP-lowering medication use or ocular surgery; history of retinal diseases such as diabetic retinopathy, retinal vessel occlusion, or epiretinal membrane; media opacity that could affect the quality of the photograph; optic nerve disease other than glaucoma; eyes with peripapillary atrophy; or history of cerebrovascular events or systemic medication use that could affect the VF. In cases with both eyes eligible for the study, 1 eye was randomly chosen for the analysis.
The measurement of RNFL thickness, peripapillary choroidal thickness, and prelaminar tissue thickness
The SS-OCT operates at 1050 nm wavelength with a scanning speed of 100,000 A-scans per second. It can penetrate into the deeper layers of the eye and visualize ocular tissue, such as the choroid or even the sclera, in a short amount of time. A standard protocol for RNFL assessment using a 360°3.4-mm diameter circle scan around the optic disc was used to investigate the RNFL thickness and PCT. The circle scan image produces 12 sectors around the disc, and each sector was numbered from 1 o'clock to 12 o'clock, as landmarks, in a clockwise direction, in the right eye, and in a counterclockwise direction in the left eye. The RNFL thickness and PCT were derived automatically from a scan using the in-built automated software for segmentation.
To measure the anterior laminar cribrosa depth (ALCD), anterior prelaminar depth (APLD), and the PLT, the ONH was scanned with 6-mm 5-line raster scans with 0.25-mm spacing between the scanning lines. The PLT was measured manually by using a previously reported method. [3, 9] Briefly, a horizontal scan crossing the ONH center (excluding imaging of the main vessels) was selected for the measurements. The visualization of the LC and the prelaminar tissue was improved by adaptive compensation with the aid of protocols published elsewhere. [10, 11] The parameters were measured from the reference line connecting the Bruch membrane opening. The ALCD and APLD were measured at the center of the reference line, and from 2 additional equidistant points, corresponding to a location 100 mm nasally and temporally away from the center of the reference line. The average value of the measurements from the 3 points was used for the analysis. The PLT was defined as the difference between the ALCD and APLD, and was obtained by subtracting the APLD from the ALCD (Fig. 1 ). All measurements were conducted by a single observer who was blinded to the patients' clinical data.
Statistical analysis
Statistical analyses were performed using SPSS software (version 21.0; SPSS, Chicago, IL). To assess the intraobserver and interobserver reproducibility, 30 randomly selected scans were evaluated by 2 independent examiners (JHP and JHJ), and the intraclass correlation coefficient (ICC) and 95% confidence intervals (CIs) were calculated. We performed a Spearman correlation analysis to investigate the factors that were associated with PLT, and post-hoc testing was conducted with an a = 0.05 with a subsequent Holm-Bonferroni sequential correction for multiple comparison. A P-value < .05 was considered to be statistically significant.
Results
The records of 258 patients were reviewed for this cross-sectional study, and 193 of them were excluded because of the following reasons: use of IOP-lowering medication or previous history of ocular surgery (46 patients), or history of refractive surgery (13 patients), or the inadequate visualization of LC and prelaminar tissue due to the incidence of shadowing artifacts from a large vessel (20 patients). Glaucoma suspect patients (37 patients), or other glaucoma patients, including primary open-angle glaucoma (OAG), angle-closure glaucoma, and secondary glaucoma (77 patients) were also excluded. Finally, the cohort of eligible subjects comprised of 65 eyes from 65 untreated NTG patients ( Table 1 The PLT was positively correlated with VF index (VFI), PCT, and ALCD, and negatively correlated with axial length (Table 2) . However, when the multiple comparison was adjusted with Holm-Bonferroni sequential correction, the PCT (r = 0.583, P = .001) and ALCD (r = 0.385, P = .02) were independent factors that were significantly associated with PLT.
In the subgroup analysis, subjects were divided into 2 groups according to their median PLT value (125.114 mm): the thin and thick PLT groups. The ocular variables were compared by the Mann-Whitney U test between the 2 groups ( Table 3) . The PLT and PCT were significantly thicker in the thick PLT group compared to those of the thin PLT group (both P < .001). The
Medicine thin PLT group demonstrated significantly worse VFI and MD values compared to the thick PLT group. However, the age, IOP, and axial length were similar between the 2 groups. Figure 2 shows the representative cases of untreated NTG patients with differing severities of glaucoma and different values of PLT and PCT.
Discussion
This study investigated the relationship between PLT and PCT in untreated NTG patients. The PLT was positively correlated with PCT, and the thin PLT group showed worse MD and VFI values compared to the thick PLT group. Our results indicate that the thickness of the prelaminar region may be related with the choroidal blood flow. Moreover, PLT may differ according to the severity of the glaucomatous damage. To our knowledge, this is the 1st study that evaluated the association between PCT and PLT. Glaucomatous optic disc cupping has 2 components to its development: prelaminar thinning and laminar deformation. [12, 13] IOP-related stress and the impairment of blood flow within the ONH can both induce changes in the prelaminar region and/or LC. Several studies have reported a relationship between IOP-related stress and laminar and/or prelaminar Table 1 The demographics of untreated normal-tension glaucoma patients (n = 65). Measurements of the anterior lamina cribrosa depth (ALCD) (A) and the anterior prelaminar tissue depth (APLD) (B) using swept-source optical coherence tomography (OCT). The horizontal scan crossing the center of the optic nerve head (ONH) was selected for the measurements. The reference line connecting the Bruch's membrane opening was chosen, and the ALCD and APLD were measured at the center of the reference line and at two more equidistant points, corresponding to a location at 100 mm nasally and temporally away from the center of the reference line. The average value of the measurements from the three points was used for the analysis. The prelaminar tissue thickness (PLT) was obtained by subtracting the APLD from the ALCD. Scale bar = 200 mm.
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Table 2
The correlation between the prelaminar tissue thickness and other ocular variables. displacement. [4, 9, 14, 15] Agoumi et al [14] evaluated the displacement of the anterior LC and prelaminar tissue, in response to acute elevations of IOP. The prelaminar tissue displacement was positively associated with the extent of IOP elevation. They reported that the prelaminar tissue displacement may result from the reduction in the blood volume or the axoplasmic material. The chronic effects of IOP-related stress were also reported by Jung and colleagues. [4] In their study, the prelaminar tissue was thinner in patients with OAG compared to those with NTG; IOP was also a statistically significant predictive factor of PLT. Furthermore, the consequences of surgical IOP reduction in glaucoma patients were reported to induce thickening of PLT and/or anterior displacement of LC. [15, 16] On the contrary, the impairment of blood flow to the ONH can also have an effect on the prelaminar region and LC. Hayreh [12, 16] indicated that the occurrence of optic disc cuppings comorbid to arteritic anterior ischemic optic neuropathy (AION) and glaucoma were due to interference with the PCA supply to the anterior part of the ONH. Danesh-Meyer et al [5] compared the optic disc topography in eyes with nonarteritic anterior ischemic optic neuropathy (NAION), AION, and OAG. They suggested that OAG affected the laminar connective tissues much more than either NAION or AION, and had resulted in an increased cup depth and volume. Moreover, AION patients with severe ischemia showed more changes in the prelaminar region compared to the less ischemic NAION patients. In summary, the ischemic changes to the ONH may have had more of an impact on the prelaminar region than on that of the LC.
Spearman rho
The main blood supply to the ONH is from the PCA circulation.
[6] Short PCAs are subdivided into 2 subgroups: paraoptic short PCA and distal short PCA. Paraoptic short PCA are few short PCAs that pierce the sclera around the entrance of the optic nerve, and supply the ONH. The majority of the short PCAs belongs to distal short PCAs, and mainly supplies the choroid up to the equator of the eye. Therefore, ONH and the posterior choroid share the same blood supply. Circulatory disturbances in the short PCAs may reduce the blood flow to the ONH and to the choroid, which may eventually result in a thin PCT. As the ONH and peripapillary choroid are both mainly supplied by the short PCAs, we presumed that PLT and PCT would have shown a correlation. In accordance with our speculation, the present study demonstrated that PLT was positively correlated with PCT (r = 0.583, P = .001).
Recent studies have reported an association between PLT and glaucoma severity or progression. Kim and colleagues [3] evaluated the difference in PLT between glaucoma patients with unilateral VF loss, and that of age-matched healthy subjects. The prelaminar tissue was significantly thinner in the VF-affected eye compared to those of the VF-unaffected eye, and in those of the healthy subjects. Additionally, Chung et al [17] investigated the value of the LCrelated parameters, such as LC thickness, ALCD, and PLT, for the prediction of glaucomatous progression. They demonstrated that thinner LC and PLT were observed in the progression group. These findings suggest that the PLT would be thinner in glaucoma patients with VF damage, or in those who show glaucoma progression. Consistent with previous studies, this study also showed that a thin PLT resulted in worse MD and VFI values compared to a thick PLT, indicating that there is an association between the severity of glaucomatous damage and PLT.
This study had several limitations. First, as our study was a cross-sectional and retrospective one, we were unable to explain the temporal relationship between the incidence of choroidal thickness reduction and the thinning of prelaminar tissue, or account for the relationship between glaucomatous damage and the reduction in PLT. There are 2 possible assumptions: the reduction in blood flow supplied by the short PCAs resulted in a thin PCT. Consequently, the ischemic conditions around the ONH caused damage to the neural tissue of the prelaminar region, and eventually, resulted in the thinning of the PLT. The damaged neural tissue in the prelaminar region may have had less of a physiologic demand for a blood supply, and ultimately, cause a reduction in PCT. A longitudinal study is therefore required to further evaluate the causal relationship between PCT and PLT. Second, although there have been indirect evidences, [8, 18] the choroidal thickness may not actually represent the choroid blood flow. Finally, the PLT was only measured at the horizontal scan Table 3 The comparison between the 2 groups according to the thickness of the prelaminar tissue (mean ± SD). crossing the ONH center by a single observer. Future study using radial scans of the OCT may inform us about the regional variation of PCT and its potential relationship with the PLT. Nevertheless, the present study is significant as it is the first study to evaluate the association between PCT and PLT in untreated NTG patients who had no history of medication use or surgery. Although, there have been no studies that investigated the effects of IOP-lowering medication on choroidal thickness or PLT, glaucoma filtering surgery has been reported to thicken the choroidal thickness and PLT. [9, 15, 19, 20] Inclusion of only treatment-naive NTG patients could have excluded those confounding effect on choroidal thickness and PLT.
In conclusion, the PCT was significantly associated with the thickness of the prelaminar tissue and the thin PLT group showed worse MD and VFI values compared to the thick PLT group in untreated NTG patients. The findings of present study indicate that the thickness of prelaminar tissue may be related to the choroidal blood flow and may have an impact on the severity of glaucomatous damage.
